The activation of T cells is tightly controlled by many positive and negative regulatory processes. This fine-tuning allows productive immunity to pathogens while minimizing the risk of autoimmunity. One negative regulatory mechanism is clonal anergy, which is a hyporesponsive state that occurs when T 
. in addition, ligation of cD28 maintains t-cell responsiveness on subsequent restimulation. tcr engagement in the absence of co-stimulation results in a hyporesponsive state termed anergy (Schwartz, 2003) . t-cell anergy is thought to represent one mechanism of peripheral tolerance that maintains t cells in an 'off' state when full immune activation is not desirable, such as in response to self-antigens. there has been substantial interest in gaining a greater understanding of the molecular mechanisms underlying anergy, as promoting this state could represent a strategy for the treatment of autoimmunity and allergic conditions, whereas preventing or reversing this state could have therapeutic value in the treatment of cancer and chronic infections.
Conditions that induce T-cell anergy
anergy has been observed both in vitro and in vivo. In vitro anergy was first characterized by the Schwartz laboratory in the 1980s using cD4 + t helper 1 (th1) cell clones ( Jenkins & Schwartz, 1987) . they found that when t cells encountered antigens presented by chemically fixed apcs-which presumably failed to upregulate co-stimulatory ligands-the t cells proliferated poorly and made less interleukin-2 (iL-2) than when live apcs were used. in addition, when the t cells were recovered and restimulated, they were found to be hyporesponsive. the induction of anergy has also been observed with other agents that engage the tcr complex alone, such as purified MHc-peptide complexes displayed on a planar lipid bilayer, anti-cD3 monoclonal antibody, the mitogen concanavalin a, or peptides presented by inefficient apcs such as small resting B cells (gajewski et al, 1994a) . in addition to a nearly complete block in iL-2 production and proliferation, anergic t cells show reduced secretion of other cytokines such as interferon-γ (iFN-γ) and iL-3. the anergic state can be long-lived and stable for weeks, but in these model systems it is reversible by the addition of exogenous cytokines such as iL-2 or iL-15 (Beverly et al, 1992; Essery et al, 1988) . this reversibility has motivated further investigation of anergy in the settings of cancer and chronic infection, in which restoration of correct t-cell function is one of the main therapeutic goals.
an anergy-like state can also be induced in vitro by altered peptide ligands, which are peptides with minor sequence differences from native agonist antigenic peptides and that give lower avidity tcr ligation (Sloan-Lancaster et al, 1993) . Engagement of the tcr with altered peptide ligands even in the presence of co-stimulation induces a state of hyporesponsiveness that resembles anergy. recently, Korb and colleagues reported that low doses (fewer than 10 peptide/MHc complexes per apc) of agonist peptides can also induce an anergy-like t-cell dysfunctional state (Korb et al, 1999; Mirshahidi et al, 2001) . it is not clear whether the molecular regulation of these types of t-cell dysfunction is the same as that which has been determined for classical anergy-that is, agonist tcr ligation in the absence of co-stimulation.
in addition to these experimental models of anergy induction in vitro, several models of anergy induction in vivo have been explored. Systemic delivery of superantigens, adoptive transfer of tcr transgenic t cells into hosts that express the cognate antigen as a self-antigen, and the administration of soluble peptide antigen into tcr transgenic mice have all been shown to result in an anergic state (Dubois et al, 1998; Kawabe & Ochi, 1990; Kearney et al, 1994; pape et al, 1998) . Superantigens such as staphylococcal enterotoxin B are proteins that bridge the lateral surface of MHc class ii molecules and the tcr Vβ domain outside the antigen recognition clefts. this interaction activates a large portion of the t-cell population independent of tcr antigenic specificity. after the administration of superantigens, t cells initially expand then decrease in number, and the remaining t cells become hyporesponsive by a mechanism that resembles anergy (Kawabe & Ochi, 1990) . anergy can similarly be induced in tcr transgenic t cells, either by injection with the soluble antigen that is recognized by the t cells in the absence of adjuvant, or by adoptive transfer into hosts that constitutively express antigen on self-tissues-so-called adaptive tolerance (Kearney et al, 1994; pape et al, 1998) . it is not yet clear whether the fine details of the molecular alterations associated with t-cell dysfunction are identical in each of these model systems. Nonetheless, these observations argue that the method by which antigen is delivered for immunomodulatory purposes in vivo can have a profound impact on the functional outcome of antigen administration.
Signalling in the induction phase of anergy
On the basis of the in vitro anergy model systems, the signal transduction events that drive the induction of anergy rather than full t-cell activation seem to involve the disproportionate overactivation of calcium/nuclear factor of activated t cells (NFat) signalling compared with other biochemical signalling intermediates, such as the ras/mitogen-activated protein (Map) kinase pathway. the addition of calcium ionophores alone-such as ionomycin-is sufficient to induce anergy of t cells. conversely, induction of anergy with cD3 monoclonal antibodies can be prevented by cyclosporin a, which blocks NFat-dependent signalling (chai & Lechler, 1997) . rao and colleagues were the first to publish on the gene expression perturbations in t cells anergized with ionomycin, and they observed upregulated expression of numerous transcripts encoding putative negative regulatory functions during t-cell activation (Macian et al, 2002) . the induction of these genes was dependent on NFat, as the upregulation failed to occur in t cells from NFat-deficient mice.
Several lines of evidence indicate that the induction of anergy involves increased expression of negative regulatory factors. First, the protein synthesis inhibitor cycloheximide prevents anergy induction, suggesting that the synthesis of a new protein (or proteins) is required to mediate blunted tcr-dependent t-cell activation. Second, transient heterokaryon fusion experiments between normal and anergic t cells have indicated that a large proportion of the anergic state can be accounted for by a dominant negative effect (telander et al, 1999) . together, these results suggest a model in which excessive calcium/NFat signalling results in transcriptional upregulation of negative regulatory proteins that inhibit correct tcr/cD28 signalling (Fig 1) .
Defective Ras activation and the anergic state
although anergic t cells show defective cytokine production in response to tcr/cD28 ligation, they still produce meaningful levels of cytokines in response to the pharmacological agents phorbol 12-myristate 13-acetate (pMa) plus ionomycin. this supports a proximal signal transduction defect in the anergic state. the analysis of many signalling pathways has consistently revealed defective activation of the Map kinases ErK and JNK in response to tcr-based signalling in several model systems (Li et al, 1996) . Moving upstream from Map kinases, activation of ras itself is disrupted in anergic t cells (Fields et al, 1996a) . consistent with diminished activation of ras/Map kinase signalling, activator protein 1 (ap1)-dependent transactivation, which lies downstream from ras, has also been found to be defective (Fields et al, 1996b; Kang et al, 1992) .
Despite convincing correlative data implicating blunted ras pathway signalling in anergic t cells, mechanistic experiments proving causality was lacking. the desired experiment was to introduce active ras into already anergized t cells and to determine whether Map kinase signalling and cytokine production were restored. However, genetic manipulation of non-proliferative normal t-cell populations proved difficult using conventional strategies. this technical barrier was solved through the use of t cells from coxsackie and adenovirus receptor (car) transgenic mice. . When anergic t cells were transduced with an adenovirus encoding constitutively active ras, iL-2 production and Map kinase activity were restored (zha et al, 2006) . these data strongly suggest that defective ras signalling is the main functional defect in the anergic state, at least in the model systems of anergy studied so far. it should be noted that Mondino and colleagues performed a similar experiment transducing normal t cells with a retroviral vector encoding active ras and did not observe resistance to anergy induction (crespi et al, 2002) . although the reasons why different results were obtained in these various model systems are not clear, the requirement for t-cell activation, proliferation and retroviral integration in order to gain active ras expression using the retroviral approach-in contrast to the ability to introduce active ras directly into anergic t cells using the adenoviral system-is an obvious experimental difference. the experiments described above suggested that the expression of a protein (or proteins) that has a negative impact on ras activation is upregulated in anergic t cells. a previous hypothesis proposed that increased activation of an alternative gtpase, rap1, suppresses ras activation in anergic cells (Boussiotis et al, 1997) . However, this model was not supported by studies of rap1 transgenic mice or of mice deficient in the adaptor protein crkL that contributes to rap1 activation, as data from these experiments did not suggest an inhibitory role for this pathway in normal t cells (peterson et al, 2003; Sebzda et al, 2002) . ras is activated by a family of guanine nucleotide exchange factors (gEFs) that catalyse gDp release from ras, which enables subsequent gtp binding and the recruitment of the serine/threonine kinase raf1. the main gEF described in most model systems is Sos (Son of sevenless). Sos is constitutively bound to the adaptor protein grb2 (growth factor receptor-bound protein 2), which can be recruited through its SH2 domain to tyrosine phosphorylated proteins that are generated after receptor triggering. in t cells, grb2-Sos complexes are thought to be recruited to the membrane-associated linker for activated t cells (Lat) following tcr ligation (Wange, 2000) . However, recent evidence has suggested that the dominant ras gEF involved in tcr-based signalling is the diacylglycerol (Dag)-binding molecule ras guanyl releasing protein 1 (rasgrp1). rasgrp1-deficient mice show a block in thymic selection (Dower et al, 2000) , indicating a nonredundant role for this gEF in t-cell development. the Weiss laboratory reported that in Jurkat t cells, tcr-mediated ras activation was dependent on rasgrp1 and could not be compensated for by grb2-Sos (roose et al, 2007) . Over-expression of rasgrp1 also renders Jurkat cells hypersensitive to tcr-stimulated ErK activation and iL-2 secretion (Ebinu et al, 2000) . therefore, if anergic t cells show defective ras activation, this block might be expected to be at the level of rasgrp1. consistent with this idea, anergic t cells can be rescued by the addition of exogenous pMa (Li et al, 1996) , which theoretically could directly recruit rasgrp1 to membrane compartments and restore ras activation.
gene expression profiling of anergic t cells compared with control t cells was performed to identify putative negative regulators of rasgrp1-dependent ras activation that are upregulated in the anergic state. this analysis revealed a single main candidate, diacylglycerol kinase-α (DgK-α; zha et al, 2006) . increased expression of DgK-α in anergic t cells was also observed by the rao laboratory (Heissmeyer et al, 2004; Macian et al, 2002) . DgKs phosphorylate Dag, thus converting it to phosphatidic acid and depleting available Dag that otherwise could activate rasgrp1 (tognon et al, 1998) . phosphatidic acid also has signalling properties of its own that could contribute to altered t-cell signalling (Mor et al, 2007) . the kinetics of DgK-α upregulation parallel the acquisition of t-cell dysfunction, both of which occur at around 16-24 h after the initiation of anergy induction. zha and colleagues introduced an adenoviral vector encoding DgK-α into car transgenic t cells, and this inhibited Map kinase signalling and iL-2 production. conversely, inhibition of DgK activity using a pharmacologic inhibitor could restore a large fraction of iL-2 production by anergic t cells (zha et al, 2006) . Expression of DgK-α also resulted in diminished recruitment of rasgrp1 to the plasma membrane, supporting a link to rasgrp1-dependent ras activation. corroborative data have been obtained using t cells from mice made genetically deficient in DgK-α or the related family member DgK-ζ. t cells from either of these strains of mice were hyperresponsive in vitro and showed significant resistance to anergy induction through B7 blockade in vitro, or by using superantigen injection in vivo (Olenchock et al, 2006) . together, these results have identified DgK molecules as crucial negative regulators of tcr-mediated ras activation in the anergic state. the fact that DgKs are lipid kinases that can be inhibited with chemical compounds opens the possibility of pharmacological inhibition of DgKs to augment t-cell function therapeutically in vivo. a model for the role of DgKs in suppressing ras activation in the anergic state is depicted in Fig 2. 
Potential role for Egr family transcription factors
the increased expression of DgKs in t-cell anergy occurs at the mrNa level, and can be mimicked by ionomycin and blocked by cyclosporin a (zha et al, 2006) ; therefore, it is probably regulated at the transcription level in an NFat-dependent manner. However, preliminary analysis of the putative DgK-α promoter has not revealed any canonical NFat sites (y. zheng and t.F.g., unpublished data); therefore, the NFat-dependency of DgK-α expression might occur through unconventional NFat sites, or be mediated through another intermediate transcription factor, which is itself NFat-dependent. One attractive hypothesis is that this occurs through early growth response gene (Egr) 2 and Egr3, which are also upregulated in anergic t cells (Safford et al, 2005) . Egr2 and Egr3 are transcription factors that bind to DNa through a conserved zinc-finger domain (chavrier et al, 1988; patwardhan et al, 1991) , and we have observed two canonical Egr-binding sites in the putative DgK-α promoter (y. zheng and t.F.g., unpublished data). Overexpression of Egr2 and Egr3 reduced iL-2 production in t cells and has been shown to upregulate casitas B-cell lymphoma-b (cbl-b). conversely, Egr3-deficient t cells were relatively resistant to anergy induction in an in vivo peptide-induced anergy model (Safford et al, 2005) . as discussed below, cbl-b has also been implicated as a contributor to the anergic state and is upregulated on Egr2/3 overexpression, arguing perhaps that Egr proteins are regulating the transcription of several anergy-associated genes.
E3 ubiquitin ligases and the anergic state
in addition to DgK-α, several other putative negative regulators of tcr-based signalling have been shown to be upregulated in anergic t cells. perhaps the best characterized category of negative regulators are the E3 ubiquitin ligases. gene expression profiling has revealed that at least three different E3 ubiquitin ligases-cbl-b, gene related to anergy in lymphocytes (graiL) and itch-are upregulated at the mrNa and protein levels during ionomycin-induced anergy (Heissmeyer et al, 2004) . Mechanistic experiments have been performed examining the contribution of each of these factors to the anergic phenotype and peripheral tolerance.
cbl-b is a riNg-type E3 protein and cbl-b knockout mice develop spontaneous, generalized autoimmunity. although thymocyte development seems to be normal in cbl-b knockout mice, peripheral t cells are hyperproliferative and produce more iL-2 on tcr activation compared with wild-type mice (Bachmaier et al, 2000) . Loss of cbl-b also results in impaired induction of t-cell tolerance both in vitro and in vivo ( Jeon et al, 2004) .
itch is a HEct-type E3 protein and itch knockout mice spontaneously develop a systemic inflammatory disease, indicating the failure of peripheral tolerance (perry et al, 1998) . itch-deficient t cells show an activated phenotype and enhanced proliferation on tcr engagement. in addition, itch overexpression in Jurkat cells reduced ap1-driven luciferase activity under both resting and anti-cD3 stimulated conditions (Fang et al, 2002) .
graiL is a riNg-type E3 protein. this gene was first identified by comparing changes in gene expression after tcr signalling in the presence or absence of B7 co-stimulation. the mrNa for graiL was found to be induced in anergic cD4 t cells (anandasabapathy et al, 2003) . Overexpression of graiL in naive cD4 t cells nearly abolished iL-2 production and proliferation on peptide and apc stimulation (Soares et al, 2004) . Further signalling studies showed that the expression of graiL in t cells inhibited rhoa gtpase activation, whereas ras activation and Map kinase signalling pathways remained unaffected, suggesting an alternative mechanism by which graiL inhibits t-cell signalling (Su et al, 2006) . consistent with a potential role for E3 ubiquitin ligases in the anergy phenomenon, t cells overexpressing Egr2 or Egr3 have a high basal level of cbl-b. conversely, no increase in cbl-b expression was seen on anergy induction in Egr3-deficient t cells (Safford et al, 2005) . However, whether E3 ubiquitin ligases are involved in the induction compared with the maintenance of t-cell anergy is not yet clear, and how they relate to altered ras activation in the anergic state has not been established. recent experiments using a dominant negative cbl adenoviral vector directly transduced into car transgenic peripheral t cells resulted in an augmentation of tcr-dependent iL-2 production (zha & gajewski, 2007) . However, these t cells were still dependent on cD28 co-stimulation to produce iL-2, and were still susceptible to anergy induction (zha et al, 2006) . Future studies of these relationships might benefit from the generation of conditional knockout mice combined with cre-mediated deletion of Cbl genes in the peripheral t-cell compartment, which will eliminate a potential effect contributed by altered thymic selection when the factors are absent throughout t-cell development. One potential point of intersection between E3 ligases and ras is through their effects on phospholipase c-γ1 (pLc-γ1), which is an upstream regulator of ras activation through the generation of Dag. Both cbl-b and itch have been reported to interact with pLc-γ1, leading to its ubiquitination and degradation (Heissmeyer et al, 2004; Jeon et al, 2004) .
Areas of uncertainty
the definitive experiments proving an essential role for DgKs in t-cell anergy have not yet been performed. the use of pharmacological DgK inhibitors that augment the function of anergic t cells is subject to potential off-target effects of the compounds, and high doses can also result in cellular toxicity. a potential caveat of the use of genetic knockout mice deficient in DgK-α and DgK-ζ is the potential for subtle effects on thymic development, as well as the possible impact of DgK-deficiency in non-t cells. the importance of ras signalling in thymic selection (Swan et al, 1995) suggests that t cells from DgK-deficient mice could be altered and perhaps emerge from the thymus being less susceptible to anergy, although no gross alterations in thymocyte phenotype have been observed (Olenchock et al, 2006) . there is a potential for redundancy between DgK family members and so functional compensation might also occur in mice deficient in single DgK genes. For these reasons, conditionally targeted mice are being generated to allow for direct deletion of DgK-α and/or DgK-ζ in post-thymic t cells.
Whether increased DgK expression and defective ras activation explain t-cell dysfunction in all models of t-cell anergy is also not clear. Models of in vivo adaptive tolerance have shown a defect in tcr-induced calcium flux (chiodetti et al, 2006) , which suggests the possibility of some differences in signalling deficits in various anergy models. However, it should be noted that t cells anergized in vitro also show a defect in calcium signalling (gajewski et al, 1994b) , but that a short rest period of 1-2 days after anergy induction results in recovery of a normal calcium flux but persistence of t-cell dysfunction (gajewski et al, 1995) . therefore, there remains a need for careful comparative experiments investigating the biochemical and molecular alterations in anergic t cells using several in vitro and in vivo model systems, in which the cells are analysed and treated in similar ways. 
